Hepatitis C virus (HCV) infection is one of the leading causes of liver disease in the United States. In the United States, nearly 4 million people are positive for HCV, accounting for 1.8% of the total population (2) . Approximately 170 million people are infected by HCV worldwide (27) . Severe liver diseases, including cirrhosis and hepatocellular carcinoma, are the most common consequences of chronic HCV infection. Tremendous progress has been made in the search for specific anti-HCV therapies, as exemplified by the recent phase II clinical trials of VX-950 from Vertex and SCH-503034 from Schering Plough as well as previous efforts by Wyeth/ Viropharma for HCV-796 and Boehringer Ingelheim for BILN-2061. As of yet, no specific anti-HCV drug has been approved by the FDA. The standard of care for treating HCV infection is the combination of pegylated alpha interferon and ribavirin, with only about 50 to 60% of patients responding to this therapy (11, 15) . More effective therapies are greatly needed for the treatment of disease caused by HCV infection.
The emergence of HCV subgenomic replicon systems represents major progress in HCV research and drug discovery in recent years. The HCV subgenomic replicons (18) , however, contain only nonstructural (NS) regions, either NS2-NS5B or NS3-NS5B. The study of the remaining components of the open reading frame (C-E1-E2-P7) for antiviral therapeutic intervention is not possible using the subgenomic replicon system. The subgenomic replicon system does not produce infectious viral particles either, which makes it impossible to use this system as a tool for the study of several critical steps in the viral life cycle, including viral attachment, entry, and infection. There is clearly a need to create a cell culture system which can produce infectious HCV in vitro to overcome the limitations of the subgenomic replicon-based systems.
In 2005, significant breakthroughs in establishing the infectious HCV cell culture system were achieved. Three individual groups reported the production of infectious HCV particles upon transfection of Huh7 or its derivative cell lines with genotype (GT) 2a (JFH1) genomes (17, 26, 29) . However, GT 1a and 1b HCVs are the most prevalent HCV genotypes in infected patients in the United States and most of the rest of the world. Moreover, GT 1a and 1b HCVs are relatively more resistant to interferon treatment and are more typically associated with the development of cirrhosis and liver cancer. As such, Lemon's group generated a cell culture system (28) which produced infectious GT 1a (Hutchinson strain) HCV particles, but the titer of this cell culture-grown HCV was 100-to 1,000-fold lower than that of a GT 2a system described by others (17, 26, 29) . Moreover, no cell-based drug screening system using infectious GT 1 HCV has been reported thus far.
To develop a robust screening tool that targets the structural proteins of GT 1, we generated GT 1b/2a based chimeric monocistronic luciferase reporter viruses. These viruses encoded the structural proteins and the amino terminus of NS2 from GT 1b (Con1) and the remaining sequence from GT 2a (JFH1). These constructs involved the introduction of a short, codon-optimized luciferase reporter gene, i.e., humanized Re-nilla luciferase (hRLuc), separated from the viral structural proteins by the sequence encoding a cleavable peptide, either from the foot-and-mouth disease virus 2A (FMDV 2A) or a ubiquitin monomer (UBI). The inclusion of a reporter gene allowed us to avoid the time-consuming and labor-intensive quantitative reverse transcription-PCR methods used traditionally in screening. The antiviral activity of the screened compounds could be easily monitored through measurement of the luciferase activity. This facilitated the development of a high-throughput screen (HTS) targeting the steps in the HCV life cycle that are not accessible with the subgenomic replicon system. More interestingly, when we were testing the two reporter viruses with different cleavage sites, we found that the reporter virus containing the FMDV 2A cleavage site consistently showed higher luciferase activity than the one with the UBI cleavage site. This unique feature makes the reporter virus containing FMDV 2A a better candidate for antiviral activity screening. To validate the newly developed infectious system regarding its ability to identify compounds with antiviral activity, we tested several known HCV inhibitors using both the 1b/2a infectious system and the 2a subgenomic replicon system in parallel. As expected, the 50% effective concentrations (EC 50 s) obtained from the two assay systems were comparable. Furthermore, we screened 900 unknown Pfizer compounds by employing the above two systems. Thirty-one hits were identified by both systems whereas 78 hits were identified only by the infectious 1b/2a system but not the 2a replicon system. This indicates that the newly developed 1b/2a infectious HCV system, in addition to being able to identify the inhibitors targeting the RNA replication machinery, is also capable of identifying inhibitors specifically targeting the viral structural protein regions of GT 1b and/or important steps of the viral life cycle that are not accessible with the subgenomic replicon system, such as viral particle attachment and entry.
MATERIALS AND METHODS
Inhibitors. Compounds A (5), BILN-2061 (16) , and Pfizer compound plates were synthesized at Pfizer Global Research and Development (La Jolla, CA).
Cell culture. The Huh7.5 cell line was obtained from Apath LLC (St. Louis, MO). The FT3-7 cell line is a clonal derivative of Huh7 cells obtained following transformation with a Toll-like receptor 3 expression vector, kindly provided by Stanley Lemon (The University of Texas Medical Branch at Galveston, Galveston, Texas) (28) . The 2a replicon stable cell line was made in house by introducing the JFH1 subgenomic replicon (12) into Huh7.5 cells. All cells were propagated in Dulbecco's modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (HyClone, Logan, UT), 100 IU/ml of penicillin, 100 g/ml of streptomycin sulfate (Invitrogen), 2 mM L-glutamine (Invitrogen), and 0.1 mM nonessential amino acids (Invitrogen) at 37°C and 5% CO 2 . The culture medium for the FT3-7 cell line and 2a replicon cell line was further supplemented with 2 g/ml of blasticidin (Calbiochem, San Diego, CA) and 200 g/ml geneticin (Invitrogen), respectively.
Construction of plasmids. (i) RB10-hR-SM.
The hRLuc gene and the sequence of the 2A protease of FMDV from pBB7M4hRLuc (9) were introduced into monocistronic subgenomic HCV replicon RB10 (I389/hyg-ubi/NS3-3Ј/5.1) (8) through an AscI site to generate RB10-hR. The fragment containing four single mutations on pBB7M4hRLuc (9) was used to replace the corresponding fragment on RB10-hR, resulting in RB10-hR-SM.
(ii) 1b-2a-hR. The sequences of all oligonucleotides used for PCRs are listed in a table in the supplemental material. Five PCRs were employed to generate construct 1b-2a. In the first PCR oligonucleotides EcoRI-2a(ϩ) and 1b-PmeI2a-Core(Ϫ) were used to amplify the plasmid pSG-JFH1. In the second PCR, oligonucleotides 2a-PmeI-1b-Core(ϩ) and 2a-NS3-1b-NS2(Ϫ) were used to amplify RB9 (I389/core-3Ј-5.1) (21) . For the third PCR, the PCR products from first and second PCR were used as the templates, and oligonucleotides EcoRI-2a(ϩ) and 2a-NS3-1b-NS2(Ϫ) were used as primers. The resulting PCR product contained the 2a 5Ј nontranslated region, the first 51 nucleotides of the 2a core region, and the C-E1-E2-P7-NS2 region of 1b. In the fourth PCR, oligonucleotides 1b-NS2-2a-NS3(ϩ) and SpeI-2a(Ϫ) were used to amplify pSG-JFH1. For the fifth PCR, the PCR products from the third and fourth PCRs were used as the templates, and oligonucleotides EcoRI-2a(ϩ) and SpeI-2a(Ϫ) were used as primers. The final PCR product was then introduced into pSG-JFH1 through EcoRI and SpeI sites, resulting in the 1b-2a chimera. RB10-hR-SM was then used as a template, and PCR was carried out with primers PmeI-hR(ϩ) and PmeI-FMDV2A(Ϫ). The resulting PCR fragment and 1b-2a chimera were both digested with PmeI and then ligated to generate 1b-2a-hR.
(iii) 1b-2a-hR-UBI. To replace the FMDV 2A fragment of 1b-2a-hR with a UBI fragment, five PCRs were performed. In the first PCR, oligonucleotides hRLuc-421-450(ϩ) and UBI-hR(Ϫ) were used to amplify the RB10-hR-SM. In the second PCR, oligonucleotides hR-UBI(ϩ) and 2a-Core-UBI(Ϫ) were used to amplify the RB10-hR-SM. For the third PCR, the PCR products from the first and second PCRs were used as the templates, and oligonucleotides hRLuc-421-450(ϩ) and 1b-Core-Ubi(Ϫ) were used as primers. In the fourth PCR, oligonucleotides Ubi-1b-Core(ϩ) and Con1-MluI(Ϫ) were used to amplify 1b-2a-hR. For the fifth PCR, the PCR products from the third and fourth PCRs were used as the templates, and oligonucleotides hRLuc-421-450(ϩ) and Con1-MluI(Ϫ) were used as primers. The final PCR product was then introduced into 1b-2a-hR through NruI and MluI sites, resulting in the construct 1b-2a-hR-UBI.
(iv) Con1-C3-JFH1. To make the 1b-2a junction at the first 30 amino acids of NS2, six PCRs were performed. In the first PCR, oligonucleotides JFH1 2377-2423(ϩ) and JFH1 3452-3408(Ϫ) were used to amplify the JFH1 region of nucleotides 2399 to 3430 (GenBank accession number AB047639). In the second PCR, oligonucleotides JFH1 3408-3452(ϩ) and JFH1 4147-4118(Ϫ) were used to amplify the 1b-2a construct. For the third PCR, the PCR products from the first and second PCRs were used as the templates, and oligonucleotides JFH1 2377-2423(ϩ) and JFH1 4147-4118(Ϫ) were used as primers. In the fourth PCR, oligonucleotides Con1-MluI(ϩ) and JFH1-Con1-NS2(Ϫ) were used to amplify 1b-2a-hR. For the fifth PCR, oligonucleotides Con1-JFH1-NS2(ϩ) and JFH1 4147-4118(Ϫ) were used to amplify the PCR product from the third PCR. In the sixth PCR, the PCR products from fourth and fifth PCRs were used as the templates, and oligonucleotides Con1-MluI(ϩ) and JFH1 4147-4118(Ϫ) were used as primers. The final PCR product was then introduced into the 1b-2a-hR-UBI construct through MluI and SpeI sites, resulting in Con1-C3-JFH1.
(v) C33J-UBI. To make the 1b-2a junction at the first 33 amino acids of NS2, three PCRs were performed. In the first PCR, oligonucleotides Con1-MluI(ϩ) and Con1-NS2-33-JFH1(Ϫ) were used to amplify Con1-C3-JFH1. In the second PCR, oligonucleotides Con1-NS2-33-JFH1(ϩ) and JFH1 4147-4118(Ϫ) were used to amplify the Con1-C3-JFH1 construct. For the third PCR, the PCR products from first and second PCRs were used as the templates, and oligonucleotides Con1-MluI(ϩ) and JFH1 4147-4118(Ϫ) were used as primers. Con1-C3-JFH1 and the PCR product of the third PCR were digested with MluI and SpeI and then ligated to generate C33J-UBI.
(vi) C33J-Y835C-UBI. To make the Y835C mutation, a mutation of TAT to TGT was generated through three PCRs. In the first PCR, oligonucleotides C33J-MluI-F and C33J-4059-R were used to amplify C33J-UBI. In the second PCR, oligonucleotides C33J-4059-F and C33J-4340-R were used to amplify C33J-UBI. Both C33J-4059-F and C33J-4059-R contain a mutation of A to G. In the third PCR, the PCR products from the first and second PCRs were used as the templates, and oligonucleotides C33J-MluI-F and C33J-4340-R were used as primers. The resulting PCR product was used to replace the corresponding fragment in C33J-UBI through MluI and AflII digestion followed by ligation.
(vii) C33J-Y835C-FMDV2A. To replace UBI with FMDV2A, three PCRs were performed. In the first PCR, oligonucleotides 2a-FL-NruI-F and 1b-FMDV-R were used to amplify 2a-FL-FMDV2A. In the second PCR, oligonucleotides 1b-FMDV-F and C33J-AfeI-R were used to amplify C33J-Y835C-UBI. In the third PCR, PCR products of the first and second PCR were amplified by 2a-FLNruI-F and C33J-AfeI-R. C33J-Y835C-UBI and the third PCR product were both cut with NruI and AfeI and then ligated.
(viii) C33J-GND. To make a D-to-N mutation, a mutation of GAT to AAT was introduced by replacing the HpaI/XbaI fragment of C33J-UBI with the corresponding fragment from pJFH1-GND (12) .
(ix) C33J-⌬E1-E2. To delete the E1-E2 region in C33J-UBI, three PCRs were performed. In the first PCR, oligonucleotides C33J-PmeI-F and C33J-2129/ 3793-R were used to amplify C33J-UBI. In the second PCR, oligonucleotides C33J-2129/3793-F and C33J-AflII-R were used to amplify C33J-UBI. For the third PCR, products of the first and second PCR were amplified by C33J-PmeI-F and C33J-AflII-R. C33J-UBI and the third PCR product were digested by PmeI and AflII and then ligated. All constructs were confirmed by sequencing.
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HCV RNA transfection and virus production. HCV RNAs were transcribed in vitro with a T7 Megascript kit (Ambion, Austin, TX) following the manufacturer's protocol. Trypsinized FT3-7 cells were washed twice with phosphate-buffered saline (PBS) without Ca 2ϩ or Mg 2ϩ (Invitrogen) and then resuspended at 2 ϫ 10 7 cells/ml. Ten micrograms of in vitro transcripts was mixed with 0.4 ml of the cell suspension in a 4-mm cuvette, and electroporation was performed using a Bio-Rad Gene Pulser system set to deliver a single pulse at 220 V and 950 F. Immediately after electroporation, cells were resuspended with complete DMEM and seeded in 96-well plates for hRLuc activity measurement and in 25-cm 2 flasks for virus production. For virus production, transfected cells were transferred from 25-cm 2 flasks into 75-cm 2 flasks 48 h after transfection. Cells were passaged with a 1:3 split every 2 days for the indicated period. Cell culture supernatants were collected upon each passage and stored at 4°C with the addition of 1% HEPES.
Infectivity assay. Huh7.5 cells were seeded in black-walled, clear-bottom 96-well plates at a density of 1.5 ϫ 10 4 cells/well. After overnight incubation, 50 l of cell culture supernatants collected at indicated time periods (see Fig. 3A ) from transfected cells was added into each well. After being incubated for 2 days, the cell culture medium was completely removed from each well, and cells were lysed in 20 l of lysis buffer (Promega, Madison, WI). hRLuc activity was measured with Renilla luciferase assay buffer and substrate (Promega, Madison, WI), following the manufacturer's instructions, using a 1450 Trilux MicroBeta Jet (Perkin-Elmer, Wellesley, MA). For the neutralization assay, Huh7.5 cells in 96-well plates were incubated with serial dilutions of normal mouse immunoglobulin G (IgG) (Upstate, Temecula, CA) or CD81 monoclonal antibody (MAb) JS-81 (BD Pharmingen, San Jose, CA) at 37°C for 1 h before being inoculated with virus stock containing 100 focus-forming units (FFU) of virus. hRLuc activity was measured 2 days later, as described above.
TaqMan assay of RNA replication. Huh7.5 cells were seeded in 96-well plates at a density of 1.5 ϫ 10 4 cells/well. After overnight incubation, 50 l of cell culture supernatants collected at day 11 from cells transfected with both reporter viruses was added into each well. After incubation for 2, 24, 48, and 72 h, cell culture medium was removed, and the cells were washed gently with PBS. Total RNA was extracted using a Qiagen RNeasy 96 kit (Valencia, CA). Twenty microliters of the RNA was subjected to reverse transcription, using random hexamers to generate the cDNA. Quantitative PCR was carried out for HCV and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an internal control, according to the manufacturer's instructions (ABI, Foster City, CA), using the following primers and probes: HCV forward primer, 5Ј-GTCTGCGGAACCG GTGAGTAC-3Ј; HCV reverse primer, 5Ј-CTACGAGACCTCCCGGGGCAC-3Ј; HCV probe, 5Ј-FAM-GCGAAAGGCCTTGTGGTACTGC-BHQ1-3Ј; GAPDH forward primer, 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј; GAPDH reverse primer, 5Ј-GAAGATGGTGATGGGATTTC-3Ј; GAPDH probe, 5Ј-FA M-CAAGCTTCCCGTTCTCAGCC-TAMRA-3Ј (where FAM is 6-carboxyfluorescein, TAMRA is 6-carboxytetramethylrhodamine, and BHQ is Black Hole quencher). HCV and GAPDH RNA quantifications were based on a standard curve run on the same plate as the experimental samples. The signal of HCV RNA was normalized to that of GAPDH mRNA at each time point.
Immunofluorescent staining of core antigen and viral titration. Huh7.5 cells were seeded in eight-well chamber slides (Nalge Nunc, Rochester, NY) 24 h before inoculation with 100 l of supernatants. Forty-eight hours after inoculation, cells were fixed with methanol:acetone (1:1) at room temperature for 9 min and blocked with 2% bovine serum albumin at 37°C for 30 min. Cells were then incubated with primary antibody against HCV core antigen (Affinity Bioreagents, Golden, CO) at 37°C for 2 h, followed by washing with PBS and incubation with fluorescein isothiocyanate-conjugated goat anti-mouse IgG secondary antibody (Southern Biotech, Birmingham, AL) at 37°C for 1 h. Nuclei were counterstained by propidium iodide. Slides were examined under a Nikon TS100 microscope. A cluster of infected cells was considered as one single FFU. All cell clusters of infected cells were counted in each well, and virus titers were calculated accordingly in terms of FFU/ml.
In vitro antiviral and cytotoxicity assays. Antiviral and cytotoxicity assays were carried out in black-walled, clear-bottom 96-well plates. Huh7.5 cells or 2a replicon cells were seeded at a density of 1.5 ϫ 10 4 cells/well in 100 l of DMEM culture medium and incubated overnight. For the antiviral activity assay, cell culture supernatants containing 100 FFU of C33J-Y835C-FMDV2A reporter virus were added into the wells and incubated for 8 h. Before the compounds were added, all medium was removed. Eight threefold serial dilutions of inhibitors or controls were prepared in DMEM and added to the appropriate wells, yielding final concentrations of 1,000 to 0.05 M for compound A, 1,000 to 0.05 nM for BILN-2061, and 2.5 ϫ 10 Ϫ4 to 1.3 ϫ 10 Ϫ4 g/ml for JS-81 antibody in 200 l of DMEM. Dimethyl sulfoxide (DMSO; at a concentration of 1%) was used as the compound control, and PBS was used as the control for the antibody.
Alternatively, the same amounts of the reporter viruses and the diluted compounds were added onto the cells at the same time. For the cytotoxicity assay, only compounds or 1% DMSO was added but not the cell culture supernatants containing virus. Following 2 days of incubation, hRLuc activity was measured as described above, representing the antiviral activity of the compounds. Cytotoxicity was measured using a CellTiter-Glo (CTG) Luminescent Cell Viability assay kit (Promega), following the manufacturer's instructions. The percent inhibition was determined from hRLuc and CTG values, using the following formulas: for luciferase activity, (1 Ϫ hRLuc signal of compound well/mean hRLuc signal of DMSO well) ϫ 100; for CTG values, (1 Ϫ CTG signal of compound well/mean CTG signal of DMSO well) ϫ 100.
The percent inhibition was plotted against the concentration of compound using the XLFit program (IDBS, Emeryville, CA), and the EC 50 and 50% cytotoxicity concentration (CC 50 ) were calculated.
Pilot HTS using C33J-Y835C-FMDV2A reporter virus and 2a replicon cells. A total of 15,000 Huh7.5 cells or 2a replicon cells were seeded into 10 96-well plates, using a Multidrop system (ThermoLabsystems, Franklin, MA). After overnight incubation, 900 compounds from 10 96-well Pfizer compound plates from the Pfizer file were added onto 2a replicon cells at a final concentration of 10 M. The same amounts of compounds together with 100 FFU of C33J-Y835C-FMDV2A reporter virus were added onto Huh7.5 cells. In all plates, an antiviral control (10 M AG-21541) was added to well D8, and a cytotoxicity control (100 M 5,6-dichloro-1-beta-D-ribofuranosyl-benzimidazole) was added to well D9. The wells D1 to D3 and D7 were used as DMSO-only controls. For the cytotoxicity assay, the same set of compounds was added onto 2a replicon cells. After 48 h of incubation, hRLuc activity and CTG values were measured, and percent antiviral inhibition and cytotoxicity were calculated as described above.
RESULTS

Construction of monocistronic GT 1b/2a reporter viruses.
In this study, we constructed two HCV GT 1b/2a chimeras, C33J-Y835C-UBI and C33J-Y835C-FMDV 2A, that carry a hRLuc reporter gene inserted 5Ј of the coding sequence of the structural proteins (Fig. 1) . These reporter viruses permit easy monitoring of viral infectivity by the simple measurement of luciferase activity. To ensure the separation and subsequently the proper functioning of the luciferase enzyme, the hRLuc reporter was separated from the viral structural proteins by a cleavable peptide encoding either the UBI monomer or the FMDV 2A protease sequence. Our experience with the fulllength hRLuc-containing HCV GT 2a (JFH1) clone indicated that a reporter virus containing the FMDV 2A cleavage site generally showed more robust luciferase activity than the one with the UBI cleavage site (data not shown). In order to achieve the most efficient virus production, the region of the GT 1b (Con1) core to NS2 was fused with GT 2a (JFH1) at the site located right after the first transmembrane domain of NS2 (the first 33 amino acids were derived from Con1 and the rest of the sequence was from JFH1) (20) . The cell culture-adaptive mutation Y835C (13) was introduced, which further augmented virus production (data not shown).
Replication competence of both reporter viruses. In vitro transcripts of both reporter viruses, together with the transcript of an RNA replication-deficient mutant containing a Gly-Asn-Asp (GND) substitution for the conserved Gly-AspAsp (GDD) motif in the NS5B polymerase active site, were electroporated into the replication-permissive cell line FT3-7. RNA replication was monitored by the measurement of hRLuc activity 4 h and 72 h postelectroporation. The hRLuc activity measured at 4 h after transfection represents the electroporation efficiency because RNA replication had not started at that time and all the luciferase was translated from the input RNA (14) . The ratio of hRLuc activity at 72 h to hRLuc activity at 668 ZHANG ET AL. ANTIMICROB. AGENTS CHEMOTHER.
4 h was considered as the relative increase in the level of RNA replication. As shown in Fig. 2 , transfection of RNAs of both reporter viruses supported efficient RNA replication. Input RNAs replicated 13-or 10-fold in cells transfected with C33J-Y835C-UBI or C33J-Y835C-FMDV2A, respectively. Interestingly, although the RNA replication rates were comparable in both types of transfected cells, the hRLuc signals of FMDV 2A-transfected cells was four-to fivefold higher than that of UBI-transfected cells at either 4 h or 72 h. As expected, the RNA of the replication deficient mutant C33J-GND did not replicate over the 72-h period (Fig. 2) . Production of infectious viral particles in reporter viral RNA-transfected cells. After transfection, cells were passaged every 2 days for up to 37 days, when the experiment was terminated. The medium was collected before each passage and was centrifuged. The supernatant was collected and stored at each time point. The collected supernatants were used to infect naïve Huh7.5 cells, and hRLuc activity of infected cells was measured 48 h postinfection. As shown in Fig. 3A , transfection of both reporter viral RNAs successfully produced fully infectious viral particles in the culture supernatants, which could then be used to effectively infect naïve cells, generating hRLuc signals. For C33J-Y835C-FMDV2A-transfected cells, production of infectious virus was evident as early as 2 days after electroporation and was sustained up to day 37, with the viral particle production peaking on day 9 to day 15. The hRLuc signals from cells infected with the C33J-Y835C-UBI virus were much lower than the ones infected with the C33J-Y835C-FMDV2A virus.
To understand the kinetics of viral infection and RNA replication through hRLuc production, day 11 supernatants collected from cells transfected with each of the viral RNAs were used to infect naïve Huh7.5 cells. Cells were lysed at 2 h, 24 h, 48 h, and 72 h postinfection, and hRLuc activity (Fig. 3B ) was measured at each time point. In parallel, the HCV RNA replication in infected cells was monitored by quantitative PCR using a TaqMan assay (Fig. 3C) . Twenty-four hours after infection, detectable hRLuc signals were generated efficiently in C33J-Y835C-FMDV2A-infected cells; the signals increased sharply to up to 48 h and remained high at 72 h (Fig. 3B) . Interestingly, hRLuc signals of C33J-Y835C-UBI supernatantinfected cells were generated much less efficiently, despite comparable RNA replication levels ( Fig. 3B and C) . Moreover, we observed that after 48 h postinfection, the RNA replication levels of both viruses started to decrease, whereas the hRLuc signals remained high, suggesting that the hRLuc protein may be accumulated in the cells and turned over gradually at the 72 h time point. However, the strength of the hRLuc signal mirrored the HCV RNA levels quite well up to the 48 h time point, which was hence used as a time point for developing the antiviral assays. The reduction of intracellular RNA as detected by the TaqMan assay at the 72-h time point could be due to packaging and release of the RNA as virus particles.
A total of 100 l of supernatants collected from C33J-Y835C-UBI and C33J-Y835C-FMDV 2A viral RNA-transfected cells as well as supernatant collected from cells transfected with a deletion encompassing the E1-E2 region in C33J-Y835C-UBI (C33J-⌬E1-E2) was used for inoculating naïve Huh7.5 cells. Forty-eight hours after inoculation, immunofluorescent staining against HCV core antigen was performed. As shown in Fig. 3D , core antigen was expressed in cells inoculated with supernatants collected from C33J-Y835C-UBI-and C33J-Y835C-FMDV2A-transfected cells, suggesting that both reporter viral RNAs upon transfection could produce and secrete infectious viruses into the culture supernatants. As a control, viral RNA from the construct C33J-⌬E1-E2 lost the ability to produce infectious viral particles. No infectious virus was released into the corresponding supernatant; as a result, no core antigen was detected in the cells inoculated with this supernatant (Fig. 3D, lowest  panel) . Interestingly, similar numbers of FFU were observed in cells inoculated with UBI and FMDV 2A supernatants, i.e., 2 ϫ 10 3 to 3 ϫ 10 3 FFU per milliliter of supernatant observed at 72 h posttransfection. This suggested that the two reporter viruses produced comparable numbers of infectious viral particles.
Neutralization of viral infectivity by CD81 MAb. The cell surface protein CD81 has been shown to bind to HCV envelope protein E2 and is thus thought to assist in mediating the entry of virus particles (1, 22) . A recombinant MAb against CD81, JS-81, at final concentrations of 0, 0.02, 0.1, 0.5, and 2.5 g/ml was preincubated with Huh7.5 cells at 37°C for 1 h before inoculation with C33J-Y835C-UBI and C33J-Y835C-FMDV2A supernatants. Forty-eight hours after infection, hRLuc activity was measured. We found that the anti-CD81 MAb blocked the infection of C33J-Y835C-UBI and C33J-Y835C-FMDV2A viruses efficiently in a dose-dependent manner, whereas the control normal mouse IgG had little effect on viral infectivity (Fig. 4A and B) . These data suggest that both C33J-Y835C-UBI and C33J-Y835C-FMDV2A viral particles bind to and enter the cells through a mechanism involving the CD81 cell surface protein. As shown in Fig. 4A and B, the infectivity of reporter viruses was almost completely blocked by CD81 MAb with a concentration of 2.5 g/ml.
Antiviral and cytotoxicity assays using infectious C33J-Y835C-FMDV2A reporter virus. Based on the fact that cells infected by C33J-Y835C-FMDV2A virus consistently generated higher hRLuc signals than the ones infected by C33J-Y835C-UBI virus, C33J-Y835C-FMDV2A was used in the development of an antiviral assay for anti-HCV compound screening. To validate the C33J-Y835C-FMDV2A infectious virus system, the antiviral activities of three known HCV inhibitors, including a protease inhibitor, BILN-2061 (16), a polymerase inhibitor, compound A (5), and an entry inhibitor, CD81 MAb (JS-81), were tested in antiviral assays with the use of both the infectious C33J-Y835C-FMDV2A and a GT 2a (JFH1) subgenomic replicon cell line. For the C33J-Y835C-FMDV2A virus system, two assay conditions were tested, i.e., adding the virus and compound at the same time or preincubating the cells with virus for 8 h before adding the compounds. The EC 50 values obtained from the two assay conditions were similar for the replication inhibitors, BILN-2061 and compound A. The EC 50 values for BILN-2061 were 152 Ϯ 14 nM using an 8 h-preincubation and 109 Ϯ 7 nM using the simultaneous addition condition; for compound A the values were 17 Ϯ 5 M and 15 Ϯ 4 M, respectively (Table 1) . More importantly, all the EC 50 values obtained using the infectious C33J-Y835C-FMDV2A virus system were comparable to the ones obtained using the 2a subgenomic replicon cell line, which were 265 Ϯ 20 nM for BILN-2061 and 12 Ϯ 1 M for compound A. As an entry inhibitor, CD81 antibody did not block viral infectivity if added 8 h after virus addition to the cells. However, when added at the same time with virus, CD81 antibody efficiently neutralized viral infectivity, with the EC 50 at 0.1 g/ml. Taken together, these data suggest that the newly developed C33J-Y835C-FMDV2A reporter virus system is sensitive to replication inhibitors and capable of identifying HCV entry inhibitors.
Characterization of infectious C33J-Y835C-FMDV2A reporter virus in an HTS format. To further evaluate the capability of the C33J-Y835C-FMDV2A reporter virus system in identifying compound hits in an HTS format, Huh7.5 cells were plated in 96-well plates, and C33J-Y835C-FMDV2A supernatants were added into all wells. In the same plate, com- pounds BILN-2061 and compound A were added into three wells at three different plate locations. Each compound was added at a concentration equal to three times their respective EC 50 values. DMSO (1%) was added into the remaining wells to be used as a control. Table 2 represents a plate with raw percentage inhibition readout. The average hRLuc count of the DMSO control was 18,224. The percent inhibition of all nine wells across the three different positions was 99.52% Ϯ 0.37% and 90.77% Ϯ 3.87% for BILN-2061 and compound A, respectively. In addition, no cytotoxicity was observed at these concentrations, consistent with the previous data ( Table 1) . These data suggest that the infectious C33J-Y835C-FMDV2A reporter virus system could reproducibly identify HCV inhibitors in an HTS format, regardless of the position in the 96-well plate.
Pilot HTS run with C33J-Y835C-FMDV2A reporter virus system. To further validate the feasibility of using the infectious C33J-Y835C-FMDV2A reporter virus system to identify HCV compounds with specific antiviral activity, 900 compounds from the Pfizer compound archive were tested at a concentration of 10 M in an HTS format, using 10 96-well plates. In parallel, the same set of compounds was also tested in the GT 2a (JFH1) subgenomic replicon cell line. A "hit" was defined as a compound having antiviral inhibition of Ն60% and cytotoxicity of Յ40% compared to values of the 1% DMSO controls. As shown in Table 3 , using these criteria, a hit rate of 12.1% was obtained with the C33J-Y835C-FMDV2A reporter virus system, and 4.2% was obtained using the GT 2a subgenomic replicon system. More interestingly, 31 hits were identified by both systems, whereas 78 compound hits were identified only by the C33J-Y835C-FMDV2A reporter virus but not the GT 2a replicon system. These results indicate that the former group of compound hits may target the replication machinery of the GT 2a genome, whereas the latter group of compound hits is potentially targeting steps in the virus life cycle, such as the viral attachment, entry, disassembly, and morphogenesis steps.
DISCUSSION
While the development of infectious HCV cell culture systems reached several milestones in the past 2 years (17, 26, 29) , these systems have not yet become a truly useful and robust tool for antiviral drug screening, especially in a high-throughput format. In this study, we have constructed two monocistronic GT 1b/2a chimeric viruses, which encode a short codonoptimized reporter gene. These constructs efficiently replicate their viral RNA and produce infectious viral particles. Importantly, this novel infectious system is capable of producing a high level of luciferase signal for monitoring the antiviral activity of compounds. Therefore, it allows us to use the fulllength viruses for the high-throughput anti-HCV compound screening and identify novel inhibitors not captured by using a replicon system.
To separate the fused hRLuc and the viral proteins, two cleavage peptides were employed, UBI and FMDV 2A protease. UBI is a small protein composed of 76 amino acids that are fused between hRLuc and the 1b core protein in C33J- Y835C-UBI. After the fusion protein is synthesized, UBI is cleaved at the C-terminal end by the cellular enzyme ubiquitin C-terminal hydrolase, thus releasing the hRLuc-UBI complex from the rest of the viral proteins (7, 10) . The 2A protease derived from FMDV is a short polypeptide of 20 amino acids that cleaves the polyprotein of FMDV at the 2A/2B junction cotranslationally. The self-processing activity in FMDV 2A leads to cleavage between the terminal glycine of the 2A product and the initial proline of 2B (24) . In C33J-Y835C-FMDV2A, the cleavage of the polyprotein product occurs at the C-terminal end of the 2A coding region, leaving this peptide fused to the upstream hRLuc protein and releasing the downstream viral protein intact with the addition of an Nterminal proline. In our study we observed several things. (i) After transfection of viral RNAs, although the RNA replication efficiency was comparable for C33J-Y835C-UBI and C33J-Y835C-FMDV2A viral RNAs, the hRLuc signals generated from C33J-Y835C-FMDV2A RNA-transfected cells were four-to fivefold higher than signals of C33J-Y835C-UBI-transfected cells, at either 4 h or 72 h (Fig. 2). (ii) Similarly, after infection of naïve cells, infectious C33J-Y835C-FMDV2A reporter virus produced much higher hRLuc signals than the C33J-Y835C-UBI virus ( Fig. 3A and B) , despite comparable RNA replication levels ( Fig. 3C) and similar viral titers (data not shown). Several possibilities may account for the findings. First, FMDV 2A sequence holds the ability to self-cleave, unlike UBI which requires an additional cellular enzyme, i.e., ubiquitin C-terminal hydrolase, for its cleavage. This self-processing ability may grant C33J-Y835C-FMDV2A a more efficient cleavage upon translation and therefore release the hRLuc-FMDV 2A complex more efficiently. Second, the addition of extrinsic peptide to the upstream gene product, in our case the hRLuc protein, might interfere with its function. In our experience, addition of the 2A peptide has little to no effect on the function of hRLuc, as revealed by the high hRLuc counts detected. This is consistent with earlier reports showing that the addition of 2A peptide did not impair the functions or localizations of other proteins such as O6-methylguanine-DNA methyltransferase and homeobox transcription factor HOXB4 (6, 19) . It is still unclear to what extent the addition of UBI would interfere with the function of the associated hRLuc protein. Taken together, the unique feature of generating a high hRLuc signal makes C33J-Y835C-FMDV2A a better candidate for antiviral assay development. Compared to the widely used dicistronic reporter constructs which contain both HCV and encephalomyocarditis virus (EMCV) internal ribosome entry sites (IRESs), the monocistronic reporter viruses we constructed in the current study have several potential advantages. First, the additional EMCV IRES increases the length and complexity of the viral genome, thereby delaying viral RNA replication. Indeed, a recent report by the Bartenschlager group found that replication of dicistronic genomes was significantly delayed compared to monocistronic genomes (25) . Second, the monocistronic construct design eliminates the "false-positive" selection of the compounds targeting the EMCV IRES, thereby simplifying and increasing the specificity of anti-HCV compound screening. Third, the monocistronic design reduces the possibility that after multiple rounds of virus culture, the hRLuc reporter gene is deleted (except in the case of in-frame deletions), thereby losing the reporter signal for monitoring replication.
The use of the subgenomic replicon system represents a milestone in HCV drug discovery. The replicons replicate autonomously to high levels in human hepatoma cell lines, which enables the screening of inhibitors targeting the traditional targets, such as NS3 protease and NS5B polymerase (3). However, without the inclusion of viral structural regions, these replicon systems are not able to identify inhibitors targeting important steps of the viral life cycle, such as viral attachment, entry, disassembly, and morphogenesis. Our newly developed reporter virus system, by generating full-length infectious viral particles, overcomes these drawbacks of the replicon system. Similar to the replicon systems, it identifies the nonstructural protein inhibitors, e.g., the protease inhibitor BILN-2061 and the polymerase inhibitor compound A. More importantly, it is also capable of identifying the inhibitors targeting other life cycle steps, e.g., CD81 antibody which targets the viral entry (Table 1 ). This feature of the infectious virus system promises more opportunities in discovering novel HCV inhibitors. Fur- thermore, this system represents an authentic HCV particle generation system where budding probably occurs at the endoplasmic reticulum (23) . This could potentially be an advance compared to the HCV pseudoparticle system for screening entry inhibitors once the glycosylation pattern of particles from the infectious system is examined. In the retroviral pseudoparticle system, a modification forces the expression of envelope proteins on the cell surface, and glycosylation patterns may thus be altered from patterns that arise when envelope proteins are retained in the endoplasmic reticulum (4). Using such a system might miss certain inhibitors that operate by recognition of the true conformations on the envelope protein generated by a glycosylation pattern in the endoplasmic reticulum. Therefore, investigation of the glycosylation patterns of our cell culture-derived infectious HCVs would be of great interest for future studies. Altogether, using culture-derived HCV reporter viruses as a screening tool advances anti-HCV drug discovery. However, one thing of note is that culture-derived HCV does not completely mimic the HCV present in human serum, which normally is associated with very-low-density lipoprotein, low-density lipoprotein, high-density lipoprotein, and IgG, which may modify the efficacy of inhibitors. Therefore, modifications to screening assay conditions using the infectious reporter virus reported here with components of human plasma and serum could potentially mimic conditions that the virus experiences in nature.
After being validated with three known inhibitors, BILN-2061, compound A, and CD81 antibody, this new system was tested for its ability to identify compound hits in an HTS format. As expected, it successfully discovered known inhibitors in 96-well plates, regardless of the position of the inhibitors on the 96 well-plate (Table 2) . To further test its feasibility in identifying unknown compound hits in an HTS format, the infectious system was used in parallel with the GT 2a replicon system for screening 900 unknown compounds. This resulted in 31 compound hits discovered by both systems, while 78 hits were identified only by the new infectious system. It is reasonable to speculate that the overlapping 31 hits identified are the ones targeting the replication and translation components of GT 2a. In contrast, the 78 hits (rate of 8.7%) identified by only the 1b/2a chimeric infectious virus system are the ones potentially targeting the structural regions of the GT 1b virus and/or targets/steps involved in attachment, entry, disassembly, and assembly components of the viral life cycle. The high hit rate could possibly be due to the inhibition of the FMDV 2A protease. Employing an FMDV 2A inhibition assay in secondary assays could help the identification and elimination of false positives identified in the infectious system. We also observed seven hits that were identified only by the GT 2a replicon system but not by the 1b/2a infectious system. This difference may arise because the subgenomic replicon assay has a higher signal-to-noise ratio and potentially higher sensitivity than the infectious virus assay. Additionally, the 2a replicon is a dicistronic replicon that contains an EMCV IRES, which could also be the source of false negatives identified only by the 2a replicon system since the infectious constructs lack the EMCV IRES. Based on these findings, this pilot HTS supports the feasibility of using the newly established infectious viral system in screening inhibitors targeting all of the HCV viral proteins and the steps of the whole HCV life cycle in a large-scale HTS.
In summary, here we report the development of a novel HCV reporter virus system which generates infectious HCV particles in cell culture and can be used as a robust screening tool for HCV drug discovery. The most notable advantage of this system over the current replicon systems is that it broadens target range, which maximizes the identification of compounds inhibiting HCV through specific mechanisms that target all events of the viral life cycle. To our knowledge, this is the first cell-based infectious HCV system that is suitable for drug screening on a large scale.
